INTRODUCTION
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of biological interest, e.g., total body water (TBW) using empirically derived algorithms. However, such empirically derived equations exhibit population specificity in humans (Kyle et al., 2004b) , a situation also likely to occur in horses. Bioelectrical impedance spectroscopy (BIS), a derivative of BIA, has the potential to improve the accuracy and decrease the population specificity of impedance analysis (Kyle et al., 2004a,b) . BIS is also of interest because it not only estimates TBW but also extracellular water (ECW) and intracellular water (ICW) creating the opportunity to monitor changes in body water status. The aims of this study were to develop resistivity coefficients (ρ) and body proportion factor (Kb) values for using BIS to predict body composition in horses and to validate BIS for prediction of TBW and ECW against the reference methods of tracer dilution in a healthy population of horses.
MATERIALS AND METHODS
All horses used for body composition studies were maintained at pasture on the Gatton Campus of the University of Queensland, preceding the experimental period. Horses used for morphometric measurements were from The University of Queensland and, opportunistically, from horses owned by members of the Rosewood Hack and Pony Club Inc., with owners' consent. All experiments undertaken in these studies were performed with the approval (SAS/521/06 and SAFS178/11) of the University of Queensland Animal Ethics Committee and complied.
Animals
Thirty-five standardbred horses were used for the determination of body composition (16 adult geldings, 10 yearlings [7 fillies, 3 colts], and 9 two-year-olds [2 fillies, 7 geldings]). Horses were studied on 4 separate occasions (Table 1) . Morphometric measurements obtained in an independent group of 38 horses of mixed breeds, ages, and sex were used to derive values for Kb (Table 2) .
Protocol for Tracer Dilution and Impedance Measurements
Horses were given approximately 1.5 kg of shredded lucerne hay the evening before study. All animals had access to water ad libitum overnight.
At 0700 h on the day of experiment, horses were removed from water, weighed (to 0.5 kg), and lightly restrained for cannulation. Angiocath catheters (16 g, 5 1/4"; Becton Dickinson Infusion Therapy Systems Inc., Sandy, UT) were inserted into both jugular veins under aseptic conditions with local anesthesia; the right-side catheter was used for tracer administration, the contralateral for blood sampling.
Dilution Tracer Preparation and Administration. The procedure was based on that used previously in both humans (Cornish et al., 1996; Collins et al., 2013) and animals (Thomson et al., 1997) . Sodium bromide (Analar grade; Sigma Chemical Co., St Louis, MO) was added to deuterated water (0.75M, 99.9% pu- 1 TBW = total body water; ECW = extracellular water; ICW = intracellular water; FFM = fat-free mass calculated from total body water assuming an hydration fraction of 0.732; FM = fat mass calculated as body weight-fat-free mass.
rity; Novachem, Melbourne, Victoria, Australia), the solution ultra-filtered (0.2 µm) and administered at a dose rate of D 2 O 1 g/kg body weight and NaBr 0.75 mmol/kg body weight. The volume of solution based on the body weight of each horse was then drawn up into preweighed 50-mL syringes. Full syringes were reweighed immediately before injection and again immediately postinjection to allow calculation of the exact weight of tracer infused (to 0.01 g).
Blood Sampling. 10-mL samples of venous blood (lithium-heparin BD Vacutainer; dBecton, Dickinson and Company, Franklin Lakes, NJ) were collected from the left jugular catheter at time 0 (before dosing), 10, 20, 30, 45, 60, 90, 120, 180, 240 , and 300 min postinfusion of the NaBr/D2O solution. Samples were immediately centrifuged, the plasma decanted and frozen at -20°C to await laboratory analyses.
Bioelectrical Impedance Spectroscopy. Electrode locations were determined using anatomical landmarks (Van der Aa Kuhle et al., 2008): a current drive electrode at the wing of Atlas and a voltage sense electrode 8 cm caudal toward the scapula and the second current drive electrode at the ipsilateral tuberal ischia with the second voltage sense electrode 8 cm proximal toward the greater trochanter. Electrodes were 23xg hypodermic needles modified to have a 90° angle just behind the bevel, placed subdermally, as used previously (Thomson et al., 1997) . The linear distance between voltage sense electrodes was measured to the nearest mm using a nonstretchable measuring tape.
BIS readings (3 sets X 10 scans) were taken using an ImpediVet SFB7 bioimpedance spectrometer (ImpediMed Ltd., Pinkenba, Queensland, Australia). The SFB7 records resistance and reactance at 256 logarithmically spaced frequencies in the range 5-1012 kHz at a constant current of 200 µA. Each frequency scan takes approximately 800 ms. All BIS readings were obtained between 140 and 150 min after administration of the tracer dose. Horses were restrained only with the use of a hand-held halter and care was taken that the horses were calm and standing still before readings commenced.
Determination of Body Geometry Correction Factor, Kb
The underlying model for impedance-based prediction of conductive volume (Eq. [1]) is based on assuming a simple cylindrical geometry for body segments, trunk and legs, whereas the geometry of the measured volume in a horse more closely approximates two quasi-cylinders, that of the neck and the trunk. Therefore, a body shape factor, Kb, is calculated from length and circumference measurements for these 2 "cylinders." Geometric measurements were taken on 38 horses of mixed breed to develop a body proportion coefficient: length measurements were taken from the wing of the Atlas to the mid-scapular spine and from the scapular spine to the ipsilateral tuber ischia; circumference measurements were taken at the highest point of the spinous processes of the thoracic vertebrae (girth) of the horse and at the fourth cervical vertebra.
The body proportion coefficient (Kb) was calculated using the following equation:
where NL = neck length, BL = body length, c4c = cervical 4 circumference, and gc = girth circumference, all measurements in cm.
Laboratory Analyses
Deuterium Analysis. Plasma samples were thawed at room temperature, thoroughly mixed, centrifuged, and deuterium concentration in the plasma was analyzed as described previously (Cornish et al., 1996; Collins et al., 2013) by Fourier transfer infrared spectroscopy using an IRAffinity-1 FTIR spectrometer (Shimadzu Corp., Kyoto, Japan) with reference to a standard curve prepared from deuterium dissolved in pooled control horse plasma. Bromide Analysis. Bromide ion concentration in plasma samples was determined using a high performance/pressure liquid chromatography as used previously (Collins et al., 2013) . Plasma samples were deproteinised with ice-cold acetonitrile and centrifuged, and Br ion concentrations were determined in the supernatant using standards prepared in an identical manner from a pooled sample of control horse plasma.
Data Analysis
Total Body Water. Plasma deuterium concentrations over the time course of the study (300 min) were extrapolated to time zero. TBW pool size was assumed to be equivalent to the time zero deuterium dilution space calculated according to where 1.04 is the correction for the deuterium space difference to that of H 2 O , 0.96 is a correction factor for deuterium binding to nonexchangeable sites, and 0.937 is the correction factor for the fraction of water in plasma (Cornish et al., 1996) . Extracellular Water. Bromide concentration in plasma at time zero was calculated as for deuterium described above. ECW volume is expressed as the corrected bromide space calculated according to the following equation: [3]
where 0.9 is the correction factor for the distribution of Br in the nonextracellular sites, 0.95 is the correction factor for the Donnan equilibrium, and 0.937 is the plasma water fraction (Cornish et al., 1996) . Bioimpedance Spectroscopy. The underlying theory of BIS is complex, and the reader is referred to specialist literature for further details (Jaffrin and Morel, 2008) . Briefly, TBW is calculated according to Eq. [4]:
where ρ is the specific resistivity of body fluids (ohm. cm), L is the measured distance between electrodes, and Z (or R) is the measured impedance or resistance (ohm), respectively, f(Db, W, Kb) is a function of body density (Db), body weight (W), and a body proportion factor (Kb) to account for the geometric shapes of the trunk and limbs of animals. TBW is readily converted to fat-free mass (FFM) as TBW/0.732 where 0.732 is the hydration fraction of FFM (Kyle et al., 2004b) . Fat mass (FM) is calculated as body weight -FFM. Resistivity Coefficients. BIS data were analyzed using Bioimp software (v4.18.0.0; ImpediMed Ltd., Pinkenba, Queensland, Australia) as described previously (Cornish et al., 1996 , Ward et al., 2015 using default settings. The average value of all scans was used with the standard error of the estimate (SEE) of the analysis being 0.3 ± 0.01%. The resistance at zero and infinite frequencies, R0 and R∞, respectively, were determined. R0 is the resistance of extracellular water (R ECW ) and R ∞ is the resistance of total body water (R TBW ); the resistance (R i ) of intracellular water (R ICW ) is calculated from these 2 values assuming an RRC equivalent circuit for biological tissues (Jaffrin and Morel, 2008, Ward et al., 2015) . The apparent resistivity coefficients for intracellular water, ρICW, and extracellular water, ρECW, were calculated using the resistivity module of the Bioimp software.
Body Composition. Values for R 0 and R i along with the weight and interelectrode length were used in the body composition module of the Bioimp software to predict TBW, ECW, ICW, FFM, and FM, using mixture theory algorithms (Jaffrin and Morel, 2008, Ward et al., 2015) with default values for body density (1.05 mg/ml), FFM hydration (73.2%), with Kb and the resistivity coefficients determined as described above.
Cross-Validation. A split-sample procedure (Tronstad and Pripp, 2014) was used to validate predictions of body composition by BIS. The horses were randomly allocated to groups: prediction group (n = 17) and validation group (n = 18). Population mean resistivity values determined in the prediction group of horses were used to predict body composition from BIS data in the validation group.
Statistical Analyses
Statistical analyses were performed using Medcalc (v 15.2; MedCalc Software bvba, Ostend, Belgium). Continuous variables were normally distributed according to Kolmogorov-Smirnov analysis and presented as mean ± standard deviation (SD) with differences between groups assessed by analysis of variance and post hoc Student-Newman-Keuls tests. Relationships between body composition variables were assessed by Pearson's correlation (r p ) analysis. Significance of difference between reference and predicted body composition values in the cross-validation was assessed by paired t test with the level of agreement being assessed by Passing and Bablok regression, concordance correlation (r c ), and limits of agreement analyses.
RESULTS

Derivation of Apparent Resistivity Coefficients
The characteristics of all horses used to generate the resistivity coefficients are presented in Table 1 . Anthropometric characteristics were significantly different between yearlings, 2-yr-olds, and adult geldings (Table 1 ). All were healthy with body weights ranging from 220 to 524 kg (387.3 ± 89.0 kg) with an average 16.4% body fat; the differences between groups being significant (P < 0.001) except for the 2 groups of adult geldings. Mean TBW was 61.1% of body weight and was highly correlated with body weight (r p = 0.979, P < 00001). Mean ICW was 57.4% of TBW, ECW was 42.6% (ECW:ICW = 0.74); ECW and ICW were moderately negatively correlated (r p = 0.60, P < 0.0002). Measured resistances and calculated apparent tissue water resistivities are presented in Table 2 . Apparent resistivities varied between horses with mean 12.9% SD for ρICW and 20.8% SD for ρECW. Although the 4 groups of horses differed significantly in characteristics, analysis of variance showed no significant difference in either ρICW or ρECW values. Following pooling of data and randomization, resistivity coefficients in the prediction group of horses were: 511.4 ohm.cm and 1415.9 ohm.cm for for ρECW and ρICW respectively.
Derivation of Kb
The mean Kb value was 1.52 ± 0.1 (Table 3) . This was derived in a population of 38 horses (15 geldings, 18 females and 5 males) comprising 11 Thoroughbreds, 5 Quarter-horses, 4 Quarter-horse-Thoroughbred cross, 5 Australian Stock Horses, 3 Appaloosa with the remaining 10 horses being Warmbloods. Two-way analysis of variance (factors: breed and sex) showed no significant difference in Kb between breeds.
Cross-Validation of Resistivity Coefficients
All predicted body water volumes were highly correlated with the reference measured values, correlation coefficients ranging from r p = 0.86 to 0.97 (Fig. 1A, 1C,  1E ). Concordance correlation coefficients were r c = 0.836, 0.912, and 0.958 for ECW, ICW, and TBW, respectively, corresponding to poor, moderate, and substantial strengths of agreement (McBride, 2005) . These observations are supported by the limits of agreement analyses (Fig. 1B,  1D, 1F) , with BIS underestimating all 3 volumes by approximately 3%, although this was not significant (P > 0.05). Limits of agreement (2SD) ranged from ± 11.6% for TBW to ± 23.7% for ICW. A comparison of predicted FFM and FM with measured values is presented in Fig. 2 . BIS underestimated mean FFM by 9.6 kg or 2.9% of FFM measured by D2O. Since a 2-compartment model of body composition (BW = FM+ FFM) is assumed, this equates to an identical overestimation of mean FM (9.6 kg) but is equivalent to 14.1% of FM. The differences between predicted and measured values in both FFM and FM for individual horses were, however, not significantly different (P = 0.065 paired t test).
DISCUSSION
Estimation of body composition using impedance is common in humans (Kyle et al., 2004b) but less so in animals, particularly equids (Fielding et al., 2004; Fielding et al.2007; Fielding et al., 2011; Forro et al., 2000; Latman et al., 2011; McKeen and Lindinger, 2004; Lindinger, 2014) . BIA is an indirect method for prediction of body composition and requires calibration against an independent reference method, typically tracer dilution estimation of body water. In single-frequency BIA (SFBIA) or multiple-frequency BIA (MFBIA), calibration involves empirical derivation of prediction equations using multiple regression techniques in which other potential predictor variables, such as body weight, age, and sex, are included in addition to impedance. The alternative approach of BIS is based on fundamental modeling of the impedance response of tissues. Nevertheless, it still requires empirical calibration through the derivation of resistivity coefficients which act as apparent surrogates for the specific resistivities of intra-and extracellular water. This study is the first to derive and cross-validate resistivity coefficients for prediction of body composition in horses.
There is a paucity of published data on resistivity coefficients for comparison. Specific resistivities are determined by the concentration of electrically conductive species in body fluids, primarily the dissolved electrolytes. Since ion status does not vary markedly between species, it might be expected that similar resistivity coefficients would be observed within and between species of animals. In reality, however, measured resistivity coefficients are apparent coefficients whose numeric magnitude is dependent on body geometry (Kb value in Eq. [2]) and the specific implementation of mixture theory, i.e., the mathematical form of the function of Eq. [2] (Ward et al., 2015) . Consequently, comparison of resistivity coefficients is difficult. In the present study the overall mean apparent resisitivities were 1,467 and 531 ohm.cm for intra-and extracellular resistivities, respectively. Comparable values for adult humans are 984 and 314 ohm.cm respectively (Ward et al., 2015) . These differences reflect primarily the influence of body geometry on the calculation of apparent resistivity values and the inadequacy of Kb to correct for these differences in body conformation (Ward et al., 1998; Ward et al., 2015) . Unfortunately, few studies, all from the same research group (Fielding et al., 2004; Fielding et al.2007; Fielding et al., 2011) , have investigated the use of BIS in horses, and these authors did not publish the values for the resistivity coefficients they used. Importantly, the specific implementation of the mixture theory model they used did not include a body geometry factor, Kb. In the present study, Kb was determined in horses with a wide range of ages, body condition, and body sizes. Consequently, a 1.5-fold range in Kb values was observed. The mean Kb value, 1.52, was used in the model to predict body composition. Inevitably, this incurs error in the prediction that can only be corrected by using a Kb value determined individually for each horse. Despite this source of error, prediction of body composition could be deemed acceptable, e.g., 5.8% standard deviation for TBW.
Overall mean TBW, expressed as % body weight, was 61% when determined by tracer dilution, comparable to published data which vary from 55.7% to 67.7% for a wide variety of horse breeds and ages determined by various tracer dilution methods (Forro et al., 2000) .
Mean percentage ECW values were 26.6% compared with a published range from 22.1% to 33% (Ward et al., 2015) . Cross-validation of prediction of body water by BIS produced values that were strongly correlated with and within 3.5% of the reference dilution values. Limits of agreement analysis (Fig. 1) indicated that TBW can be predicted with approximately 12% (2SD) precision in individual horses. Unfortunately, it is not possible to make direct comparison with the results of other studies of BIA or BIS in horses. Previous studies have been of small size (5-13 horses [12] [13] [14] [15] [16] [17] [18] 21] ) and have not undertaken independent cross-validation. Fielding et al. (2004) observed a 2SD limit of 14.6%, although this was determined in the same group of animals used to derive impedance coefficients. These limits are likely to be larger when the method is applied for an independent population. Forro et al. (2000) developed multiple regression equations to predict TBW from impedance with an SEE for the regression of 5.7%. The comparable SEE for TBW in the validation horses in the present study was 6.1%. For ECW, the 2SD limits of agreement were larger than for TBW, ± 19.9%, and approximately twice those observed by Forro et al. (2000) , but these were not in an independent sample. The ECW measured by BIS includes not just the vascular and interstitial volumes but also gut and any peritoneal fluid (Cornish et al., 1992) . In the present study, horses were not prevented from taking water, and no account was taken of urinary losses. It is likely that these unaccounted for contributors to the ECW space contributed to the greater variability seen in predictions of ECW compared with TBW.
While BIS is most appropriately calibrated and validated against reference methods for TBW and ECW, FFM and FM are often of more interest to veterinarians and horse owners. Assuming euhydration, there was no significant difference using a paired t test in FFM predicted by BIS compared to that determined from TBW measured by tracer dilution (Fig. 2) . These observations support the suitability of BIS for body composition assessment.
It is appropriate to consider the practicality of BIS for body composition in equids. Many impedance devices are commercially available for use in humans, only 2 are specifically designed for use in animals, an MFBIA device used by Lindinger and colleagues (Forro et al., 2000; McKeen and Lindinger, 2004; Lindinger 2014; Waller and Lindinger, 2006) and the BIS device used here. The mode of operation of the 2 devices differ although they are both based on the same principles of impedance analysis. The MFBIA device uses carbon fiber skin surface electrodes located at the knee and hock while in the present study needle electrodes just penetrating the skin were used and located spanning the animal's neck and trunk. Both methods have advantages and disadvantages. Skin electrodes require hair at the electrode site to be clipped short and for conductivity gel to be applied to the skin with the electrodes being cleaned after each use. Needle electrodes are fabricated from disposable hypodermic needles and no site preparation is necessary. Although skin penetration is required, experience has shown that this is well accepted by horses. It is noteworthy that Fielding et al. (2004) reported that in 2 of 7 horses, data were not obtained because the horses would not tolerate placement of electrodes at the tarsus. Impedance instruments are either SFBIA, MFBIA, or BIS devices. Latman et al. (2011) used an SFBIA device operating at 50 kHz, suitable for prediction of TBW, but, since impedance is not measured at a low frequency, it cannot be used to predict ECW with confidence. Fielding et al. (2004 Fielding et al. ( , 2007 Fielding et al. ( , 2011 used a BIS device which is no longer commercially available, while Lindinger and colleagues (Forro et al., 2000; McKeen and Lindinger, 2004; Lindinger 2014; Waller and Lindinger, 2006 ) used an MFBIA device, which measures impedance at between 7 and 24 frequencies. Since this MFBIA instrument did not provide both resistance and reactance at all frequencies, modeling of data to predict body composition by mixture theory was precluded. MFBIA also has the disadvantage that measurement time is slow, up to 2 min (Lindinger, 2014 ), compared to < 1 s in the present study, and it is necessary to keep the horse still for this period.
Measured impedance is proportional to the length and inversely proportional to the cross-sectional area of the conductor. The true conductive length in the body is unknown, consequently height at the withers is often used as a surrogate measurement. The interelectrode distance was used here since preliminary studies found this to provide better precision of prediction. Measured impedance using knee to hock electrode locations is disproportionately dominated by the smaller cross-sectional area of the legs than the trunk despite the latter being where most of the water resides. Consequently, small variations in electrode placement can markedly affect the measured impedance when using these positions. Preliminary studies indicated again, greater precision of measurement using the locations adopted in the present study.
Finally, impedance is influenced by a number of environmental and physiological confounders. Hydration state can be affected by drinking, feeding, and water loss through defecation and urination. In the exercising horse, there may be additional water losses through excessive sweating. In addition, exercising horses are hot which can influence impedance. Predictions of body composition measured under the influences of these confounders should be viewed with caution. BIS is a practical technique for the assessment of body composition in equids, but the relatively wide limits of agreement, particularly for fat mass, may limit its usefulness for predicting body composition in individual horses.
